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An experimental investigation has been conducted to characterize the influence of Reyn-
olds number and surface roughness magnitude and location on compressor cascade per-
formance. Flow field surveys have been conducted in a low-speed, linear compressor
cascade. Pressure, velocity, and loss have been measured via a five-hole probe, pitot
probe, and pressure taps on the blades. Four different roughness magnitudes, Ra values
of 0.38 lm (polished), 1.70 lm (baseline), 2.03 lm (rough 1), and 2.89 lm (rough 2),
have been tested. Furthermore, various roughness locations have been examined. In
addition to the as manufactured (baseline) and entirely rough blade cases, blades with
roughness covering the leading edge, pressure side, and 5%, 20%, 35%, 50%, and 100%
of suction side from the leading edge have been studied. All of the tests have been carried
out for Reynolds numbers ranging from 300,000 to 640,000. For Reynolds numbers under
500,000, the tested roughnesses do not significantly degrade compressor blade loading
or loss. However, loss and blade loading become sensitive to roughness at Reynolds num-
bers above 550,000. Cascade performance is more sensitive to roughness on the suction
side than pressure side. Furthermore, roughness on the aft 2=3 of suction side surface
has a greater influence on loss. For a given roughness location, there exists a Reynolds
number at which loss begins to significantly increase. Finally, increasing the roughness
area on the suction surface from the leading edge reduces the Reynolds number at which
the loss begins to increase. [DOI: 10.1115/1.4003821]
Introduction
Gas turbine performance, especially power output and effi-
ciency, deteriorates during extended operation for many reasons,
and therefore, continuous maintenance is needed to retain a high
performance level. Such maintenance is critical to minimizing
both operation costs and greenhouse gas emissions. Among many
factors, the aerodynamic performance of gas turbines is signifi-
cantly influenced by the condition of compressor and turbine
blade surfaces. Therefore, the impact of blade surface roughness
on performance has long been an important research issue.
Bammert and Woelk [1] measured performance degradation
due to surface roughness in a three-stage axial compressor. For a
roughness-to-chord ratio, ks=c of 4.51e-3, they found a 30% static
pressure ratio deterioration and a 15–20% volume flow rate
decrease. Schaffler [2] experimentally and analytically investi-
gated boundary layer characteristics in roughened axial flow com-
pressors. Mal’tsev and Shakhov [3] found increased deviation in a
roughened compressor cascade for roughness magnitudes found in
helicopter gas turbine engines.
More recently, measurement of real gas turbine blade roughness
magnitudes and locations, along with experimental determination
and analytical prediction of performance degradation due to
roughness have been conducted. Taylor [4] measured surface
roughness at various locations in gas turbine vanes. Bons et al. [5]
also measured the roughnesses of nearly 100 turbine blades, found
spatial variation, and categorized the roughness characteristics
according to their causes. Experimentally, Leipold et al. [6] meas-
ured loss and boundary layer parameters in a highly loaded tran-
sonic compressor cascade for Reynolds numbers between 300,000
and 1 106. Schreiber et al. [7] reported performance dependence
of a roughened controlled-diffusion airfoil (CDA) on Reynolds
numbers ranging from 100,000 to 3 106. Analytical models to
predict performance deterioration of gas turbine compressors have
been developed by many researchers including Millsaps et al. [8],
Aker and Saravanamottoo [9], Massardo [10], Syverud and
Bakken [11], and Song et al. [12]. More recently, Back et al. [13]
measured the effects of roughness on loss and deviation in a low-
speed compressor cascade with blades representative of modern
industrial gas turbines.
In addition, even with uniform roughness, boundary layers on
blade surfaces are affected by the local pressure gradient. There-
fore, the aerodynamic performance will be affected by the loca-
tion as well as the magnitude of roughness. In this light, Tay et al.
[14] used particle image velocimetry to investigate turbulent flow
characteristics on a rough plate with a favorable pressure gradient.
They found that surface roughness increased the mass and mo-
mentum flux deficits. With a favorable pressure gradient, friction
velocity and skin friction coefficient increased. Pailhas et al. [15]
studied the effect of Reynolds number and adverse pressure gra-
dients on two kinds of rough plates with a hot-wire.
However, studies of roughness location on actual gas turbine
blades are less common, and such studies are focused on the per-
formance degradation in rotating rigs. Bammert and Sandstede [16]
measured boundary layers for roughened turbine blades and found
that the momentum thickness on the suction side is considerably
thicker than that on the pressure side. Zhang and Ligrani [17] meas-
ured loss in the wake with roughened turbine blades. They applied
various types of roughnesses, two fixed sizes and one variable
roughness on the pressure side. The total pressure loss and kinetic
energy were found to increase with roughness. Also, the suction
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side was found to contribute mostly to wake thickening. Yun et al.
[18] measured performance degradation in a single-stage axial tur-
bine with roughened blades. The normalized efficiency decreased
by 2% when the pressure side was roughened and by 6% when the
suction side was roughened. Thus, the degradation of turbine effi-
ciency was three times bigger with roughness on the suction side.
In compressors, Suder et al. [19] conducted a survey in a tran-
sonic compressor rotor with fully and partially roughened blades.
Blades with roughness on the leading edge and fully roughened
blades showed approximately equal degradation in pressure ratio.
Thus, roughness on the leading edge contributed to most of the
performance deterioration. Gbadebo et al. [20] conducted a nu-
merical and experimental survey in a single-stage low-speed com-
pressor with roughened controlled-diffusion airfoils. They focused
on 3D separation and reported that roughness induced a large hub
corner separation, and increased blockage and deviation. In turn,
the increased blockage significantly reduced the stage stagnation
pressure rise.
Despite such research, reliable experimental data on roughness
effects in compressor cascades are still scarce. Especially, how
roughness location affects aerodynamic performance and how the
location effect varies with Reynolds number remain unknown.
Therefore, this paper presents a systematic experimental investi-
gation of the impact of roughness magnitude, location, and Reyn-
olds number on blade loading and loss on a highly loaded blade in
a low-speed compressor cascade. The specific research questions
are as follows:
In a low-speed compressor cascade,
(1) How do roughness magnitude and Reynolds number affect
compressor cascade performance?
(2) How does the chordwise location of roughness affect com-
pressor cascade performance?
(3) How are the roughness location influences affected by
Reynolds number?
Experimental Setup
Test Facility. Experiments have been conducted in a low-speed
cascade wind tunnel (LSCWT) at the Naval Postgraduate School
(NPS). Flow generated from a 410 kW centrifugal fan blows
upwards and exits via an exhaust vent. The freestream turbulence
level at the inlet of the wind tunnel was measured to be between
3–3.5%. A test section with a 254 mm height and 1524 mm width
has been mounted at the end of the wind tunnel. Upstream of the test
section, 60 inlet guide vanes are mounted to guarantee a uniform
inlet flow angle of 36.3 deg. A schematic of the test section is shown
in Fig. 1. A total of ten blades were mounted in the test section, and
a total of seven blades (Numbers 1–7) have been roughened.
The compressor blade profile used in this research was a
second-generation controlled-diffusion airfoil designed by Gelder
et al. [21], which had a design diffusion factor of the blade of
0.52. The chord length and span of the blades are 127.3 mm and
254 mm, respectively. The blades were placed 152.4 mm apart for
a solidity of 0.835. Detailed geometry of the cascade is given in
Table 1.
Instrumentation. Measurements have been carried out with
static taps on blades, a pitot probe, and a five-hole probe with a
probe diameter of 3 mm and a port size of 0.1 mm. The pitot probe
has been used at 1.0 chord length upstream from the leading edge
between the Blades 7 and 8 to obtain the upstream pressure and ve-
locity. For blade loading, static pressure was measured via pressure
taps at the midspan of Blade 5. There were 18 and 20 taps on the
pressure and suction sides, respectively. Also, there were taps at the
leading edge and trailing edge for a total of 40 taps. To avoid static
pressure fluctuations due to the local roughness near the taps, the
surface of the midspan region near the taps were kept smooth
throughout. Finally, a cobra type five-hole probe was traversed at
0.2 chord length downstream from the trailing edge of Blade 3 to
obtain total and static pressures, velocity, and flow angles. From the
measurements, deviation and loss coefficient were calculated. Mea-
surement locations are shown in Fig. 2.
Table 2 lists the tested blade roughness and coating thickness
values. For each case, the centerline averaged roughness (Ra) was
measured with a Mitutoyo Surftest-401 profilometer. For the pol-
ished blade surface (polished), the centerline averaged roughness
measured was 0.38 lm. In addition, roughness for the “as man-
ufactured” blade surface (baseline) was measured to be 1.70 lm.
To roughen the blades, paint or glue was sprayed onto the blades
(Rough 1 and Rough 2). Thus, a total of four roughness values
were tested as summarized in Table 2.
In addition, six different locations of roughness were tested at a
surface roughness of 2.89 lm on the baseline blade. The six cases
included roughness on the entire suction side, entire pressure side,
leading edge only, and partially roughened suction side cases cov-
ering up to 20%, 35%, and 50% chordwise location from the
Fig. 1 Test section
Table 1 Test blade geometry
Number of blades 10
Chord, c 127.3 mm
Span 254.0 mm
Blade spacing, S 152.4 mm
Solidity, c=S 0.835
Inlet flow angle, ai 36.3 deg
Stagger angle, C 16.3 deg
Diffusion factor 0.52
Fig. 2 Measurement locations
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leading edge. Figure 3 and Table 3 show the tested roughness
locations, and Fig. 4 shows a picture of blades with roughness on
the suction surface between the leading edge and the 20% chord-
wise location on the baseline blade.
Data Reduction and Uncertainty. Data were nondimension-
alized as follows. First, on the blade static pressure P measure-
ments were converted into pressure coefficient Cp defined below
(Eq. (1)).
Cp ¼ P P1
P01  P1 (1)
Here, P1 and P01 indicate the upstream static and total pressure,
respectively.
Loss coefficient is defined as the normalized difference between
the upstream and downstream total pressures.
Yp ¼ P01  P0
P01  P1 (2)
where P0 represents the downstream mass-averaged total pressure
obtained via the five-hole probe. See Hansen [22] for more details
on the loss measurement.
From the repeatability tests, static pressure coefficient and loss
coefficient are repeatable to within 1% and 5%, respectively, for a
given condition.
Results
Effects of Roughness Magnitude and Reynolds
Number. Figure 5 shows the static pressure distribution for vari-
ous roughness magnitudes at a Reynolds number of 600,000. A
spanwise laminar separation bubble is visible from x=c of about
0.47 with reattachment at x=c¼ 0.47 on the suction side. Little
change in loading is visible for Ra values of up to 2.03 lm. How-
ever, when the blades were roughened to Ra¼ 2.89 lm, (1) the
suctions side pressure is increased over most of the blade, signifi-
cantly reducing the blade loading and hence turning; and (2) suc-
tion side Cp does not change much between x=c of 0.7 and 1.0,
indicating large turbulent separation, with a lower overall static
pressure recovery. This turbulent separation increased the loss at a
Reynolds number of 600,000 between Ra of 2.03 and 2.89 lm.
The two trends found in this highly loaded, low-speed cascade are
qualitatively similar to those found in a highly loaded, transonic
compressor cascade by Leipold et al. [6]. For a Reynolds number
of 600,000, a critical roughness (at which blade loading decreased
significantly or large turbulent separation occurs) clearly exists
between Ra of 2.03 and 2.89 lm. Furthermore, for the polished
surface, increased blade loading due to decreasing Cp on the suc-
tion side between x=c of 0.10 and 0.25 can be seen.
Figure 6 shows the loss coefficient plotted versus blade pitch,
y=S. Roughness has little impact on loss coefficient distribution for
Ra up to 2.03 lm. High loss (or wake) region had a width of
approximately 10% of the pitch with a maximum loss coefficient
value of 0.4. However, for Ra of 2.89 lm, the wake’s width







Polished 0.38 0.109 –
Baseline 1.70 0.036 –
Rough 1 2.03 0.276 0.050–0.076
Rough 2 2.89 0.367 0.025–0.051
Fig. 3 Tested roughness locations on the baseline blade





Leading edge 0–5% 0–5%
20% Suction side 0–20% 0–5%
35% Suction side 0–35% 0–5%
50% Suction side 0–50% 0–5%
100% Suction side 0–100% 0–5%
Fig. 4 Picture of roughened blades (20% suction side of the
baseline blade)
Fig. 5 Blade loading for Ra of 0.38, 1.70, 2.03, and 2.89 lm at
Reynolds number 600,000
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increased significantly to 30% of the pitch. Also, the maximum loss
coefficient value doubled to 0.8. Roughness mainly affected loss on
the suction side; however, the pressure side was hardly affected.
The increase in loss mainly on the suction side qualitatively agreed
with those found by Leipold et al. [6] and Back et al. [13]. Further-
more, from the perspective of loss (as was found in blade loading),
a critical roughness exists between Ra of 2.03 and 2.89 lm for this
blade at a Reynolds number of 600,000. This trend also qualita-
tively agreed with the findings of Back et al. [13].
Figure 7 shows the mass-averaged loss coefficient plotted versus
roughness magnitude for Reynolds numbers of 400,000 and 600,000
from the current study. For comparison, the centerline averaged
roughness (Ra) has been converted to nondimensionalized equivalent
sandgrain roughness (ks=c) by using Schaffler’s [2] correlation
(ks¼ 8.9 Ra). Compared to the polished blade (ks=c¼ 0.000028;
Ra¼ 0.38 lm) increasing roughness leads to increased loss. For a
Reynolds number of 600,000, a rapid increase of loss between ks=c
of 0.000142 and 0.000203 was observed. Thus the Reynolds number
sensitivity of loss to roughness increased visibly between Ra of 2.03
and 2.89 lm. For comparison, the data from Back et al. [13] for
ks=c¼ 0.00006 at Re¼ 400,000 is also shown.
Figure 8 shows the chordwise static pressure distribution of each
magnitude of roughness at a Reynolds number of 400,000. At 0.47
chord from the leading edge, the separation bubble became smaller
between Ra of 2.03 and 2.89 lm. This diminished separation bubble
can be an evidence for decreasing loss between Ra of 2.03 and 2.89
lm at Reynolds numbers of 300,000 and 400,000.
Figure 9 shows the mass-averaged loss coefficient plotted versus
Reynolds number. For the polished surface (Ra¼ 0.38 lm), a slight
decrease of loss coefficient between Reynolds numbers of 400,000
and 640,000 can be seen. Averaged loss decreased from 0.030 to
0.027 as the Reynolds number increased from 400,000 to 640,000.
However, for Ra of 1.70 lm and higher roughness magnitude, mass
averaged loss increased with Reynolds number. The trend is likely
due to the turbulent separation occurred for Ra of 2.89 lm at a
Reynolds number of 600,000 (Fig. 5). Among three rough blades,
for the cases of Ra of 1.70 and 2.03 lm, loss is less sensitive to
Reynolds number. However, for Ra¼ 2.89 lm, loss increased rap-
idly with Reynolds number. Loss coefficient increased from 0.034
for a Reynolds number of 300,000 to 0.065 for a Reynolds number
of 600,000. Roughness effect is especially significant at Reynolds
numbers above 500,000. Leipold et al. [6] found similar trends for
Ra of 11.15 lm between Reynolds numbers of 300,000 and 1 106
in a highly loaded, transonic cascade.
Effects of Roughness Location. Figure 10 shows the blade’s
chordwise static pressure distributions for the baseline case and the
cases with various roughness coverage at the Reynolds number of
600,000. According to the Cp distribution, turbulent separation
occurred at chordwise location x=c of approximately 0.70 when the
suction side was roughened or when the entire blade (pressure side
and suction side) was roughened at a Reynolds number of 600,000.
Therefore, the increased loss in the aft half chord of the suction
side is at least partially due to turbulent separation.
Fig. 6 Loss coefficient versus pitch for Ra of 0.38, 1.70, 2.03,
and 2.89 lm at Reynolds number 600,000
Fig. 7 Mass-averaged loss coefficient versus roughness
magnitude for ks=c
Fig. 8 Blade loading for Ra of 0.38, 1.70, 2.03, and 2.89 lm at
Reynolds number 400,000
Fig. 9 Mass averaged loss coefficient versus Reynolds
number for Ra of 0.38, 1.70, 2.03, and 2.89 lm
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Static pressure on the pressure side was hardly affected except
when roughness covers the entire suction side. Static pressure dis-
tribution on the suction side decreased only slightly in absolute
magnitude as the roughened suction side region was extended
from the leading edge. However, turbulent separation occurs at a
chordwise location x=c of approximately 0.70 when either the
entire suction side or entire blade was roughened. Comparing the
blade with a 100% rough suction side and the entirely rough
blade, the suction side Cp is further decreased in absolute magni-
tude for the latter case.
Figure 11 shows the loss coefficient plotted versus nondimen-
sional pitch for a Reynolds number of 600,000. Having roughness
only on the pressure side does not affect loss in a measureable
manner. On the contrary, both the width and depth of wake
increased as the suction side roughened area increased. Partial
roughness on the suction side increased the wake deficit more
than its width. Until 20% of the suction side is roughened, the
wake width was hardly affected. This result is unlike the results
found in rotating facilities by Suder et al. [19] in a transonic com-
pressor and by Gbadebo et al. [20] in a low-speed compressor.
They found that most of the reduction in total-to-total pressure
rise was due to roughening of the leading edge. However, Gba-
debo et al. [20] also found the most of the pressure rise reduction
is due to the 3D endwall flow. On the contrary, this study focuses
on profile loss. Profile loss is not affected by roughness covering
from the leading edge to 20% of the suction side in both investiga-
tions (Gbadebo et al. [20] and current research). Comparing the
entirely rough blade with 100% suction side roughness, the lat-
ter’s wake has narrower width but higher maximum loss. Thus,
roughness on the pressure side can be thought to enhance turbu-
lent flow mixing and widen the wake. Thus, pressure side rough-
ness by itself does not affect loss but further increases loss when
the suction side is roughened as well.
Figure 12 shows the mass-averaged loss coefficient plotted ver-
sus the roughened range from the leading edge on the suction side
for Reynolds number 600,000. Baseline and entirely roughened
cases as well as the pressure side roughness only case are also
shown. For the blade with roughness only on the pressure side, the
loss was almost identical to that for the baseline and 5% rough-
ened blades. With roughness on the suction side, an almost linear
increase in loss can be found between 35% and 100% suction side
roughness coverage. On the contrary, relatively little change can
be seen between 0% to 35% suction side roughness coverage.
Thus, roughness on the downstream 2=3 of the suction side sur-
face has a greater influence on loss. This result could be due to ei-
ther the cumulative effect of the preceding roughened suction
surface reaching a critical threshold or the roughness having
greater effect on loss generation in the turbulent flow region. As
well known and confirmed by Roberts and Yaras [23], roughness
induces earlier transition. In addition, Brzek et al. [24] reported
increased turbulent fluctuation and skin friction due to roughness
in a turbulent flow region. Therefore, in a turbulent region, larger
eddies can be generated due to surface roughness, and that could
be the main reason for the rapid increase in loss in the aft half-
chord of the blades. Finally, turbulent separation can be another
reason for increased loss. Denton [25] stated that the separated
region gives larger vorticies, increasing loss.
Effects of Roughness Location and Reynolds
Number. Figure 13 shows the mass-averaged loss coefficient
plotted versus Reynolds number for the tested roughness loca-
tions. Roughness on the pressure side and the leading edge do not
affect performance. Also, for up to 20% of the suction side cover-
age with roughness, the mass-averaged loss was hardly influenced
by Reynolds number. Even when the suction side roughness cov-
erage extends beyond 20% from the leading edge, the mass-
averaged loss changed little at lower Reynolds numbers but
increased with higher Reynolds numbers. As more of the suction
surface is roughened, (1) the losses at higher Reynolds numbers
increase and (2) the Reynolds number at which loss begins to
increase is decreased. As roughness coverage increases from 35%
of the suction side to the entire suction side, the Reynolds number
at which loss begins to increase is lowered from 600,000 to
450,000. Thus, the loss is more sensitive to roughness in the aft
half-chord of the blade. Finally, as more of the suction side is
Fig. 10 Static pressure coefficient for Reynolds number of
600,000 for baseline blade (Ra5 1.70 lm)
Fig. 11 Loss coefficient versus pitch for Reynolds number of
600,000 for baseline blade (Ra5 1.70 lm)
Fig. 12 Mass-averaged loss versus chordwise suction side
roughened area for Reynolds number of 600,000
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roughened, the loss increases more rapidly with Reynolds
number.
Conclusions
The conclusions of this investigation can be summarized as
follows:
(1) For a given roughness (Ra¼ 2.89 lm), performance begins
to deteriorate significantly at a critical Reynolds number.
(2) For a Reynolds number of 600,000, a critical roughness
exists between Ra of 2.03 and 2.89 lm from the perspective
of loss.
(3) Performance degradation (in loading and loss) is mainly
due to roughness on the suction side. However, for Reyn-
olds numbers above 500,000, roughening the entire blade
(or adding roughness to the pressure side in addition to
roughness on the suction side) further reduces loading and
increases loss.
(4) The mass-averaged loss is affected mostly by suction side
roughness in the aft half-chord (0.5< x=c< 1.0).
(5) While the loss for a smooth blade is insensitive to Reynolds
number, the loss for blades with roughness on the suction
side increases with Reynolds number.
(6) Increasing the area covered by roughness on the suction
side from the leading edge reduces the Reynolds number at
which the loss begins to increase.
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Nomenclature
c ¼ chord length
H ¼ span
S ¼ pitch length
r ¼ solidity
Re ¼ Reynolds number
Ra ¼ centerline averaged roughness
ks ¼ equivalent sandgrain roughness
Cp ¼ static pressure coefficient
Cps ¼ static pressure on the suction side
Cpp ¼ static pressure on the pressure side
P ¼ static pressure on the blade taps
P0 ¼ downstream total pressure
P1 ¼ upstream static pressure
P01 ¼ upstream total pressure
ai ¼ inlet flow angle
C ¼ stagger angle
Yp ¼ loss coefficient
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